Introduction
============

As a vital and regional growth site, mandibular condylar cartilage is important to the function of the temporomandibular joints and the morphogenesis of maxillofacial areas ([@b1-etm-0-0-5186]). Therefore, an abundance of studies have focused on the biological and pathological mechanisms of mandibular condylar cartilage formation. Unlike other articular cartilage within limb joints, mandibular condylar cartilage is considered a secondary cartilage and its growth has been categorized into two phases, maturation and mineralization ([@b2-etm-0-0-5186]). Due to the cellular and phenotypic responses of chondrocytes, in histology mandibular condylar cartilage is consecutively categorized from the outside in; the layers are as follows: Surface articular, resting chondrocyte, proliferative chondrocyte, (non-mineralized) hypertrophic chondrocyte and mineralized hypertrophic chondrocyte ([@b3-etm-0-0-5186]). The morphogenesis of the mandibular condyle is determined by chondrogenesis within each of the layers.

Various growth factors and signaling pathways are involved in the formation of mandibular condylar cartilage, including Notch signaling members, insulin-like growth factors and transforming growth factor β (TGF-β) superfamily members ([@b4-etm-0-0-5186]--[@b6-etm-0-0-5186]). Among these factors and members, the TGF-β/bone morphogenic protein (BMP) signaling pathway is noteworthy. Data from previous studies has revealed that the TGF-β/BMP signaling pathway, which is specifically transmitted through mothers against decapentaplegic homolog (Smad) proteins, is involved in the proliferation and differentiation of chondroblasts, and the ossification of the extracellular matrix, in order to regulate the chondrogenesis of mandibular condylar cartilage ([@b7-etm-0-0-5186]--[@b9-etm-0-0-5186]). Smads are intracellular proteins that transduce the extracellular signals from TGF-β ligands to the nucleus, where they activate downstream gene transcription ([@b1-etm-0-0-5186]--[@b4-etm-0-0-5186]). Previous studies have demonstrated that signal transduction via the Smad signaling pathway is crucial in regulating TGF-β-mediated gene transcription and exerts versatile regulatory functions on chondrogenesis ([@b9-etm-0-0-5186],[@b10-etm-0-0-5186]). TGF-β family members bind to their corresponding receptors and trigger receptor phosphorylation, activating specific receptor-regulated Smad (R-Smad) proteins to initiate intracellular signaling. R-Smads combine with the common mediator Smad4 to form a complex; following phosphorylation, the complex translocates into nuclei and interacts with transcription factors to trigger the expression of specific chondroblast genes ([@b11-etm-0-0-5186]). Smad2 and 3 are inhibitory mediators of TGF-β signaling during the maturation of chondrocytes ([@b12-etm-0-0-5186]). Additionally, Smad3 inhibits the terminal differentiation of chondrocytes, which is essential for maintaining the morphology of the formed articular cartilage ([@b13-etm-0-0-5186]). In Smad7 conditional knockout models, chondrocyte differentiation was inhibited and malformed cartilage was observed as Smad7 disrupted the formation of Smad2/3 and 4 complexes ([@b14-etm-0-0-5186]).

Based on the aforementioned evidence, the functions of Smad proteins are key to understanding the effects of the TGF-β/Smad signaling pathway on the development of articular cartilage. However, to the best of our knowledge, there have been few studies on the mechanism of Smad signaling in the development of mandibular condylar cartilage. The present study investigated the spatial and temporal protein expression of Smad2, 3, 4 and 7, and phosphorylated (p-)Smad2/3, during the development of mandibular condylar cartilage. The results of the present study may provide novel insights into the development of mandibular condylar cartilage and form a basis for further studies.

Materials and methods
=====================

### Animals and tissues preparation

A total of 5 male and 20 female C57BL/6J mice (5 weeks old; weight, 25--30 g) were obtained from the Experimental Animal Laboratory of Sichuan University (Chengdu, China) and provided with access to food and water *ad libitum* under climate-controlled conditions (25°C; 55% humidity; 12 h light/dark cycle). At night, 3 females and 1 male were transferred into a cage and left to mate. At 7 am the next day, the vaginal plug was examined to confirm gestation, which was designated as embryonic day (E) 0.5. Pregnant mice were anaesthetized with ether and sacrificed by cervical dislocation at three selected time points (E14.5, E15.5 and E16.5). Postnatal newborn mice were sacrificed in the same way at postnatal day (P) 0 (following birth), 4 and 7. The mandibular condyles of the fetuses and newborn mice were dissected. Following fixation in 4% paraformaldehyde at room temperature for 24 h, the specimens were embedded in paraffin. Subsequently, 5-µm-thick serial sections were cut and mounted on poly-L-lysine-coated glass slides. All procedures performed on the animals were approved by the Ethics Committee of West China College of Stomatology, Sichuan University (Chengdu, China).

### Immunohistochemistry (IHC)

Primary antibodies directed against Smad2, 3, 4 and 7, and p-Smad2/3, were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The tissue sections were heated overnight at 60°C, deparaffinized in xylene, rehydrated in ethanol, and incubated for 20 min in 3% hydrogen peroxide (H~2~O~2~) in methanol at room temperature to block endogenous peroxidase activity. Sections were incubated in the dark for 30 min at 37°C with 3% H~2~O~2~ in trypsin-PBS (0.1 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and subsequently incubated overnight at 4°C with the following primary antibodies: Mouse anti-Smad2 (cat. no. sc-101153), 3 (cat. no. sc-101154), 4 (cat. no. sc-7966) and 7 (cat. no. sc-365846), and goat anti-p-Smad2/3 (cat. no. sc-11769) at a dilution of 1:300. Negative control sections were incubated with PBS instead of primary antibodies. Subsequently, the sections were incubated with the appropriate secondary antibodies at 37°C for 30 min, as follows: Biotin-conjugated secondary rabbit anti-goat antibodies (cat. no. sc-2774; Santa Cruz Biotechnology, Inc.) or goat anti-mouse antibodies (Biotin-Streptavidin HRP Detection system; cat. no. sp-9002; OriGene Technologies, Inc., Beijing, China). Secondary antibodies were used at a dilution of 1:50. The peroxidase activity was visualized by immersing the sections in 3,3′-diaminobenzidine at room temperature for 3--10 min. Lastly, images were captured using an optical microscope (magnification, ×100, 160 or 400).

Results
=======

### Histological observation

At E14.5, mesenchymal cells began to condense at the distal upper portion of developing mandible ([Fig. 1A](#f1-etm-0-0-5186){ref-type="fig"}). At E15.5, the condensation of the mesenchymal cells was more recognizable but without defined cartilaginous layers of condylar architectures ([Fig. 1B](#f1-etm-0-0-5186){ref-type="fig"}). In the central region of the developing condylar cartilage, differentiated chondrocytes were first observed. At E16.5, the condylar cartilage was evident and the cartilaginous cells exhibited layer-separated growth, including undifferentiated outer layer and differentiated inner layer chondrocytes ([Fig. 1C](#f1-etm-0-0-5186){ref-type="fig"}).

At E17.5, a sequential arrangement of chondroblast layers was observed ([Fig. 2A and B](#f2-etm-0-0-5186){ref-type="fig"}). Osteoblasts were identified at the periphery of the hypertrophic chondrocytes. After E17.5, endochondral ossification progressed and the length of the mandibular condyle increased ([Fig. 2C and D](#f2-etm-0-0-5186){ref-type="fig"}). The primary structure of mature condylar cartilage had taken shape by P7 ([Fig. 2E](#f2-etm-0-0-5186){ref-type="fig"}).

### IHC results

The IHC results ([Figs. 3](#f3-etm-0-0-5186){ref-type="fig"} and [4](#f4-etm-0-0-5186){ref-type="fig"}) demonstrated that positive products of Smad2, 3, 4 and 7 were observed in the cytoplasm of coagulating mesenchymal cells at the initial stage of condylar development at E14.5 and E15.5. Notably, the expression patterns of these products were not exactly accordant since the expression of Smad4 was localized to the central section of the mesenchymal condensation. At E16.5, the mesenchymal cells located in the center of the developing condylar cartilage differentiated into chondrocytes and the preliminary morphology of the mandibular condylar cartilage was formed. During these processes, Smad2, 3, 4 and 7 were identified in differentiating chondrocytes. However, Smad3 was mainly located in the differentiated chondrocytes, while Smad4 was identified in the undifferentiated chondrocytes.

From P0, the chondrocytes underwent proliferation and differentiation to elongate the condylar cartilage, which corresponded with chondrogenesis in the mandibular condyles. Smad2 and 4 expression was associated with condylar cartilage growth; their expression was identified in proliferative and mineralized hypertrophic chondrocytes at the postnatal stage, but was reduced in the hypertrophic zone. Smad3 and 7 were expressed in all proliferative and hypertrophic chondrocytes of the developing condylar cartilage, including pre-hypertrophic and mineralized hypertrophic chondrocytes. Although Smad3 and 7 were expressed in the cytoplasm of proliferative chondrocytes, Smad3 was observed in the nuclei while Smad7 was observed in the cytoplasm of mineralized hypertrophic chondrocytes. At P7, the expression of Smad3 in hypertrophic and mineralized hypertrophic chondrocytes was reduced.

As a direct downstream activator of the TGF-β/Smad signaling pathway, p-Smad2/3 was expressed in different regions of the developing condylar cartilage, which was similar to the observed expression pattern of Smad3. During the chondrogenesis stage of condylar cartilage development (prior to E16.5), p-Smad2/3 was primarily expressed in the cytoplasm of coagulating mesenchymal cells in the condylar blastema. Notably, with the differentiation and maturation of chondrocytes, the expression of p-Smad2/3 relocated from the cytoplasm to the nucleus of proliferative chondrocytes and mineralized hypertrophic chondrocytes at P0 and P4, and reduced in hypertrophic and mineralized hypertrophic chondrocytes at P7. Notably, p-Smad2/3 was expressed in the cytoplasm of proliferative chondrocytes at P7.

Discussion
==========

Previous studies have reported that the TGF-β signaling pathway serves an important role in cartilaginous remodeling, osteoarthritis, osteochondromas and hyperplasia ([@b15-etm-0-0-5186]--[@b17-etm-0-0-5186]). The expression of Smads has been identified to be associated with the function of TGF-β signaling ([@b18-etm-0-0-5186],[@b19-etm-0-0-5186]). Typically, Smad2, 3 and 4 are considered to be the intracellular mediator Smads that transduce TGF-β signaling to the nuclei. During the differentiation of chondrocytes, Smad2 and 3 form a complex with Smad4, which enters the nuclei and modulates gene expression ([@b5-etm-0-0-5186]). As inhibitors of chondrocyte differentiation, Smad2 and 3 are activated by TGF-β in chondrocytes, and are involved in the reduction of chondrocyte terminal differentiation, which mediates the suppressive effect of TGF-β on the maturation of chondrocytes ([@b15-etm-0-0-5186]). Previous studies have reported that Smad2 and 3 are co-expressed during the development of different organs. During the development of Meckel\'s cartilage, Smad2 and 3 were identified to be expressed in differentiated chondrocytes ([@b18-etm-0-0-5186]). The present study demonstrated that the expression of Smad3 markedly overlapped with Smad2 expression during chondrogenesis and the maturation of proliferative chondrocytes. Similarly, in the epiphyseal growth plate of limb joints, Smad2 and 3 are markedly expressed in proliferating chondrocytes and maturing chondrocytes ([@b12-etm-0-0-5186]). Such coexpression implies a functional synergy of Smad2 and 3. When p-Smad2/3 signaling is absent, chondrocytes exit their quiescent state and undergo anomalous terminal differentiation ([@b18-etm-0-0-5186]).

During endochondral ossification, Smad2 and 3 are distinct in their expression patterns. Smad3 has been identified to be predominantly expressed in the perichondrium of developing cartilage undergoing endochondral ossification ([@b20-etm-0-0-5186]). The present study demonstrated that along with the maturation and mineralization of chondrocytes, Smad3 expression was diminished in hypertrophic and mineralized hypertrophic chondrocytes during the postnatal stages, despite the expression of Smad3 being persistent in the cytoplasm of proliferative chondrocytes. This expression pattern indicates that the decreasing expression of Smad3 was potentially self-regulatory to allow for endochondral ossification during the development of condylar cartilage ([@b21-etm-0-0-5186]).

Nevertheless, certain studies have revealed that Smad3 is dispensable in the early stages of cartilage formation ([@b13-etm-0-0-5186]), and that a synergistic and negative regulation exists between Smad2 and 3 signaling in the regulation of chondrocyte differentiation ([@b22-etm-0-0-5186]). The present study demonstrated that p-Smad2/3 was expressed in the nuclei of postnatal proliferative and mineralized hypertrophic chondrocytes, but not hypertrophic chondrocytes.

Smad proteins continuously move between the cytoplasm and nuclei, thus Smads reach a steady state ([@b23-etm-0-0-5186]). It is well known that Smad4 combines with Smad2/3 to form a complex, Smad4 is then activated when it undergoes phosphorylation. The present study demonstrated that as a central mediator for the TGF-β/BMP signaling pathway, Smad4, was expressed in proliferative and hypertrophic chondrocytes during the development of condylar cartilage, which was in accordance with the Smad4 expression pattern identified in the epiphyseal growth plate in a previous study ([@b24-etm-0-0-5186]).

In the present study, Smad7 was markedly expressed in coagulating mesenchymal cells during chondrogenesis, and in proliferative and hypertrophic chondrocytes during maturation of condylar cartilage. As a negative regulator of the TGF-β/Smad signaling pathway, Smad7 controls the function of R-Smads by targeting the TGF-β receptor for degradation ([@b25-etm-0-0-5186]). A previous study demonstrated that Smad7 antagonized TGF-β signaling in the nucleus by interfering with functional Smad-DNA complex formation, and repressing Smad3/4, Smad2/4 and Smad1/4 complex formation ([@b26-etm-0-0-5186]). Additionally, an abnormal feedback regulation of Smad7 may cause the pathological growth of chondrocytes ([@b14-etm-0-0-5186]).

In conclusion, the spatial and temporal expression of Smad2, 3, 4 and 7, and p-Smad2/3, in the development of mandibular condylar cartilage was explored in the present study. The results demonstrated that these proteins were involved in the development of mandibular condylar cartilage. In addition, these Smad proteins were identified to be localized to different regions and thus may exert distinct functions on chondrogenesis and morphogenesis. The results of the present study may stimulate further understanding of the biological function of Smad signaling in the development of mandibular condylar cartilage.

![Histological observation of developing mandibular condylar cartilage between E14.5 and E16.5. (A) At E14.5 mesenchymal cells were present in the developing mandible. Magnification, ×100. (B) At E15.5 chondrocytes were present in the developing mandible. Magnification, ×160. (C) At E16.5 the condylar cartilage was first clearly observed and the cartilaginous cells presented as two layers as follows: Differentiated inner chondrocytes and undifferentiated outer chondrocytes. Magnification, ×160. The dotted line marks the edge of the developing mandibular ramus and condyle. Mc, mandibular condyle (condylar primordium); M, mandible; TPe, temporalis muscle; Md, mastoid process; Dc, differentiated chondrocytes; E, embryonic day.](etm-14-05-4967-g00){#f1-etm-0-0-5186}

![Histological observation of the developing mandibular condylar cartilage between E17.5 and P7. (A) At E17.5, four layers of chondrocytes were arranged regularly and possessed good continuity. The dotted line marks the edge of the developing mandibular ramus and condyle. The boxed part is [Fig. 2B](#f2-etm-0-0-5186){ref-type="fig"}. Magnification, ×100. (B) A magnification of a section from [Fig. 2A](#f2-etm-0-0-5186){ref-type="fig"}. The arrows indicate perichondral osteoblasts at the perichondrium/periosteum of the developing condyle. Magnification, ×400. (C) At P0 each layer of the mandibular condylar cartilage was observed. At (D) P4 and (E) P7, the length of the hypertrophic chondrocyte layers in the vertical axis decreased, while the subchondral bone increased in volume. Magnification, ×100. Td, temporomandibular joint disk; S, surface articular layer; R, resting chondrocyte layer; Pl, proliferative chondrocyte layer; Pr, pre-hypertrophic chondrocyte layer; H, hypertrophic chondrocyte layer (non-mineralized hypertrophic chondrocyte zone); M, mineralized hypertrophic chondrocyte layer; Sub, subchondral bone; E, embryonic day; P, postnatal day.](etm-14-05-4967-g01){#f2-etm-0-0-5186}

![Protein expression of Smad2, Smad3 and p-Smad2/3 in the developing condylar cartilage between E14.5 and P7. The arrows demonstrate the distinct expression of Smad3 and p-Smad2/3 in the cytoplasm or nuclei of proliferative and hypertrophic chondrocytes. The dotted line marks the edge of the developing mandibular ramus and condyle. E14-E16: Magnification, ×160. P0-P7: Magnification, ×100. E, embryonic day; P, postnatal day.](etm-14-05-4967-g02){#f3-etm-0-0-5186}

![Smad4 and Smad7 protein expression in the developing condylar cartilage between E14.5 and P7. The dotted line marks the edge of the developing mandibular ramus and condyle. E14-E16: Magnification, ×160. P0-P7: Magnification, ×100. E, embryonic day; P, postnatal day.](etm-14-05-4967-g03){#f4-etm-0-0-5186}
